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Understanding the signal transduction systems governing invasion is fundamental for the design of therapeutic strategies
against metastasis. Na*/H™" exchanger regulatory factor (NHERF1) is a postsynaptic density 95/disc-large/zona occludens
(PDZ) domain-containing protein that recruits membrane receptors/transporters and cytoplasmic signaling proteins into
functional complexes. NHERF1 expression is altered in breast cancer, but its effective role in mammary carcinogenesis
remains undefined. We report here that NHERF1 overexpression in human breast tumor biopsies is associated with
metastatic progression, poor prognosis, and hypoxia-inducible factor-1a expression. In cultured tumor cells, hypoxia and
serum deprivation increase NHERF1 expression, promote the formation of leading-edge pseudopodia, and redistribute
NHERF1 to these pseudopodia. This pseudopodial localization of NHERF1 was verified in breast biopsies and in
three-dimensional Matrigel culture. Furthermore, serum deprivation and hypoxia stimulate the Na*/H* exchanger,
invasion, and activate a protein kinase A (PKA)-gated RhoA/p38 invasion signal module. Significantly, NHERF1 over-
expression was sufficient to induce these morphological and functional changes, and it potentiated their induction by
serum deprivation. Functional experiments with truncated and binding groove-mutated PDZ domain constructs demon-
strated that NHERF1 regulates these processes through its PDZ2 domain. We conclude that NHERF1 overexpression
enhances the invasive phenotype in breast cancer cells, both alone and in synergy with exposure to the tumor microen-

vironment, via the coordination of PKA-gated RhoA/p38 signaling.

INTRODUCTION

Breast cancer is the most commonly diagnosed cancer
among women (Jemal ef al., 2005), and the dissemination of
metastasis is the leading cause of breast cancer fatality
(Weigelt et al., 2005), underlying the need for new therapeu-
tic approaches specifically focusing on tumor cell spreading
to distant sites. However, the complex molecular mecha-
nisms governing tumor metastasis are still not very well
understood (Mareel and Leroy, 2003), making elucidation of
the basic mechanisms of tumor invasion one of the major
challenges in tumor biology (Mareel and Leroy, 2003;
Cardone et al., 2005b). In this regard, the identification of the
still mostly undefined signal transduction systems govern-
ing metastatic progression is of particular importance
(Christofori, 2006). The organization of discrete, functional

This article was published online ahead of print in MBC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E06-07-0617)
on March 1, 2007.

The online version of this article contains supplemental mate-
rial at MBC Online (http:/ /www.molbiolcell.org).

T These authors contributed equally to this work.

Address correspondence to: S. J. Reshkin (reshkin@biologia.uniba.it).

1768

macromolecular signaling modules/complexes constitutes a
critical level of biological activity, and their construction is
orchestrated by scaffolding proteins containing modular in-
teraction domains that facilitate the association of multiple
target proteins (Vondriska et al., 2004). One class of modular
domains is the PDZ domain that associates with specific
carboxyl-terminal motifs on target proteins and that can also
oligomerize with other postsynaptic density 95/disc-large/
zona occludens (PDZ) domains to enhance the scaffolding
function (Nourry et al., 2003; Brone and Eggermont, 2005).
The Na* /H* exchanger regulatory factor (NHERF1) is a
PDZ domain-containing scaffolding protein that recruits
membrane receptors/transporters and cytoplasmic signal-
ing proteins into functional complexes (Shenolikar et al.,
2004). This importance of NHERF1 in cell signaling and
cytoskeleton remodeling has prompted the search for its role
in cancer progression. NHERF1 is overexpressed in the tu-
mor compared with the nontumor counterparts in hepato-
cellular carcinomas (Shibata et al., 2003), in schwannoma
(Fraenzer et al.,, 2003), and in breast cancer (Stemmer-
Rachamimov et al., 2001). However, information on the re-
lationships between NHERF1 and clinical-pathological tu-
mor characteristics are lacking. In breast cancer cell lines,
NHERF1 mRNA expression was associated with a small
percentage of loss of heterozygosis (Dai et al., 2004), and it
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increased upon estrogen receptor activation (Ediger et al.,
1999). Although these studies suggest that NHERF1 plays a
role in breast cancer progression, neither its specific mech-
anism(s) of action in driving cancer nor the signal transduc-
tion systems involved in its contribution to the metastatic
spreading of breast tumors have been explored so far. Fur-
thermore, although the signaling systems regulated by
NHERF1 in normal cells are being defined, nothing is
known concerning the signaling components downstream of
NHERF1 in cancer cells. Here, we better define the specific
role and mechanism(s) of NHERF1 action in driving breast
cancer progression. We observe that NHERF1 is overex-
pressed in aggressive human breast tumors, and we report
the ability of NHERF1 overexpression to enhance cell inva-
sion and to induce an invasive phenotype in breast cancer
cells in vitro, both alone and in synergy with exposure to the
tumor metabolic microenvironment by coordinating a pro-
tein kinase A (PKA)-gated RhoA/p38 invasion signaling
module which stimulates Na*/H* exchanger (NHE1)-de-
pendent invasion.

MATERIALS AND METHODS

Patients

Surgical specimens of breast cancer were obtained from 43 consecutive pa-
tients with a first diagnosis of primary breast cancer histologically confirmed
at the Women’s Department of the National Cancer Institute (Bari, Italy).
Before undergoing routine surgery, all patients signed an informed consent
authorizing the Institute to use their removed biological tissues for research
purposes. Routine staging procedures were adopted for determination of
stage disease extension according to Union Internationale Contre le Cancer
criteria (Greene and Sobin, 2002). The patients underwent surgery before
receiving any therapy. Just after surgical removal of biological tissues, the
pathologist selected from the primary tumor and from contiguous macro-
scopically not involved breast tissues samples destined to routine diagnostic
practice and to research activities. The characteristics of these tissue samples
have been successively confirmed by hematoxylin and eosin histological
analysis. The cytohistological tumor differentiation grade (G) was determined
as reported previously (Elston and Ellis, 2002), and hormone receptors (es-
trogen receptor, ER; and progesterone receptor, PgR) expression were deter-
mined by immunohistochemical assays and categorized as positive or nega-
tive cases according to the cut-off value of 10% of positive-immunostained
cells (Tommasi et al., 2005). Estrogen and progesterone and their receptors
play important roles in the genesis and malignant progression of breast
cancer; they are the prototype predictive markers in oncology. Both the ER
and PgR are ligand-activated transcription factors belonging to the family of
nuclear hormone receptors (Lefsky, 2001), and their principal application is
for selecting patients with early breast cancer likely to respond to hormone
therapy (Duffy, 2005). Tumor proliferative activity is one of the most crucial
variables closely associated with the histopathological grade of malignancy
(Offersen et al., 2003), and it was determined as the percentage of tumor cells
expressing the growth-related MIB antigen by immunohistochemical assay
(Tommasi et al., 2005). The Nottingham prognostic index (NPI) combining
tumor size, lymph node stage, and histological grade information was used to
score each patient in which patients with NPI values <2.5 are with an
expected best prognosis, with NPI = 2.5-3.5 with an expected intermediate
prognosis and with NPI > 4.5 associated with poorest prognosis (Sundquist
et al., 1999).

Statistical Procedures

In the clinical measurements, Kruskal-Wallis nonparametric ANOVA test
was applied to analyze NHERF1 expression between different grades and NPI
stages, whereas the Mann-Whitney nonparametric test was applied to normal
and tumor tissues, age, menopausal status, size, node status, and the positive
versus negative classes of ER, PgR, and MIB. Correlation analysis for NHERF1
expression and ER, PgR, MIB, and hypoxia-inducible factor-la (HIF-1a) ex-
pression were performed with the Spearman rank nonparametric test. In the
in vitro experiments, Student’s ¢ test was applied to analyze the statistical
significance between treatments in which p < 0.05 was considered as signif-
icant. All comparisons were performed with InStat (GraphPad Software, San
Diego, CA).

Cell Culture and Transfection of Constructs

MCF-10A, MCF-7, and MDA-MB-435 cells were cultured as described previ-
ously (Reshkin et al., 2000). Cells were subjected to hypoxia by placing the
culture dishes in a Modular Incubator Chamber (Billups-Rothenberg, Del
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Mar, CA) and flushing the chamber for 5 min with a 95% N,, 5% CO, gas
mixture. The box was closed and placed at 37°C for the remainder of the
incubation. For three-dimensional (3D) colony growth on reconstituted 3D
basement membrane cultures (Matrigel; Chemicon International, Temecula,
CA), a stock solution of Matrigel (9.2 mg/ml; BD Matrigel MATRIX) contain-
ing growth factors was diluted to 4 mg/ml in serum-free DMEM and a
1-mm-thick layer was laid down on 25-mm glass coverslips. After a 30-min
polymerization in the incubator, 60,000 cells were seeded on each layer in the
presence of DMEM plus 10% serum, and after 2 d the cells formed small
spheroid colonies. After 5-6 d of growth, some of these colonies started to
spontaneously disrupt, and either single cells or small groups of cells
emerged from the colony by protruding pseudopodia (30 + 10% of colonies,
n = 25 in 3 independent experiments). The colonies were prepared for
immunofluorescence as described below, and they were selected at random
for confocal analysis.

NHERFI constructs truncated or mutated in the PDZ1 or PDZ2 domains
were developed as described previously (Weinman et al., 2001; Weinman et
al., 2003). A green fluorescent protein (GFP)-tagged NHERF1 construct was
generously supplied by Prof. Stephen Lambert (University of Massachusetts
Medical School, Worcester, MA). For transfection, 10 ug of plasmid cDNA or
empty vector was incubated with 100 ul of LipoTaxi transfection reagent
(Stratagene, La Jolla, CA) in 1 ml of simple DMEM growth medium for 30 min
at room temperature (RT). Serum was added to 3%, and 200 ul of this mixture
was pipetted onto confluent monolayers on glass coverslips and placed in an
incubator at 5% CO, and 37°C for 6 h. This mixture was then replaced with
fresh complete medium (10% serum) for 24 h in normal growth conditions.

NHET1 Activity

Intracellular pH was determined spectrofluorometrically in cells loaded with
the acetoxy-methyl ester derivative of the pH-sensitive dye 2,7-biscarboxy-
ethyl-5(6)-carboxyfluorescein (Invitrogen, Carlsbad, CA). NHE1 activity was
determined by measuring the rate of cytoplasmic pH (pHi) recovery from an
acid load produced with the NH,CI prepulse technique by evaluating the
derivative of the slope of the time-dependent pHi recovery as described
previously (Reshkin et al., 2000; Paradiso et al., 2004). After each experiment,
trypan blue exclusion was also measured for each coverslip, and when it was
>5%, the experiment was not used.

RhoA activity

For these experiments, RhoA activity was measured in fluorescence resonance
energy transfer (FRET) microscopy by using the Raichu 1297 probe as de-
scribed previously (Cardone et al., 2005a). In this sensor, the Rho binding
domain (RBD) of the RhoA effector protein Rhotekin is sandwiched by
VenusYFP and cyan fluorescent protein (CFP). The binding of endogenous
GTP-RhoA to RBD generates a conformational change that displaces yellow
fluorescent protein (YFP) and CFP, thereby decreasing FRET efficiency be-
tween the two fluorophores, and a reduction of intracellular active RhoA
results in the opposite effect. To present ratio images in pseudocolor intensity-
modulated display mode (IMD), the CFP channel images were divided by the
YFP-FRET channel images. To eliminate the distracting data from regions
outside of cells, the YFP channel is used as a saturation channel. FRET
intensity is displayed between the low and high renormalization value,
according to a temperature-based lookup table with blue (cold) indicating low
values and red (hot) indicating high values. All calculations were performed
using the MetaFluor Analyst module of the Meta Imaging Series 6.1 software
(Molecular Devices, Sunnyvale, CA).

Western Blotting

Western blotting was performed as described previously (Reshkin et al., 2000).
Samples were extracted in SDS sample buffer (6.25 mM Tris-HCI, pH 6.8,
containing 10% [vol/vol] glycerol, 3 mM SDS, 1% [vol/vol] 2-mercaptoetha-
nol, and 0.75 mM of bromphenol blue), separated by 4-12% SDS-polyacryl-
amide gel electrophoresis (PAGE), and blotted to Immobilon P. Western
blotting was performed with monoclonal antibodies diluted 1:250 against
NHERF1 (BD Biosciences Transduction Laboratories, Lexington, KY) and
polyclonal antibodies diluted 1:1000 against RhoA (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), produced against a peptide of RhoA phosphorylated at
serine 188 by PRIMM (Milan, Italy) diluted 1:1000 or against total and phos-
phorylated p38 (Cell Signaling Technology, Beverly, MA) diluted at 1:1000.
Molecular weight standards were Biotinylated Protein Ladder Detection Pack
(Cell Signaling Technology).

Coimmunoprecipitation

After treatment monolayers were washed two times with ice-cold phosphate-
buffered saline (PBS) and then lysed in ice-cold coimmunoprecipitation lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 100 uM NazVO,, and 1 mM NaF, protease inhibitors) and homoge-
nated by five passes through a 20-gauge needle to obtain the total cell
homogenate. An aliquot was removed for the determination of total cellular
protein. Approximately 150 ug of total cellular protein was incubated for 1 h
at 4°C on a rotator with 1 ug of primary antibody. Five microliters of
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resuspended volume of protein A/G Plus-Agarose (Santa Cruz Biotechnol-
ogy) was then incubated at 4°C on a rotator overnight. Inmunoprecipitates
were collected by centrifugation at 2500 rpm for 5 min at 4°C. Supernatant
was carefully aspirated and discarded, and the pellet was washed four times
with 1 ml of lysis buffer, each time repeating the centrifugation step above.
After the final wash, the pellet was resuspended in 40 ul of SDS sample buffer
(6.25 mM Tris-HCl, pH 6.8, containing 10% [vol/vol] glycerol, 3 mM SDS, 1%
[vol/vol] 2-mercaptoethanol, and 0.75 mM bromophenol blue) and was run
on 10% SDS-PAGE and analyzed by Western blotting with polyclonal anti-
bodies diluted 1:250 against RhoA phosphorylated at serine 188 and pro-
duced by PRIMM, NHERF1 (BD Biosciences Transduction Laboratories),
PKAgy (BD Biosciences Transduction Laboratories), RhoA (Santa Cruz Bio-
technology) or NHE1 (Alpha Diagnostic, San Antonio, TX).

Cell Fractionation

After treatment, monolayers were washed two times with ice-cold PBS and
then lysed in ice-cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, and 0.5 mM phenylmethylsulfo-
nyl fluoride) and homogenated by five passes through a 20-gauge needle to
obtain the total cell homogenate. An aliquot was removed for the determina-
tion of total cellular protein. The nuclear fraction was obtained by centrifug-
ing the homogenate at 600 X g for 10 min. The resulting supernatant was
centrifuged at 3500 X ¢ for 10 min to obtain a pellet containing the endosomal
fraction, and the supernatant was centrifuged again at 17,000 X g for 1 h to
obtain a plasma membrane rich pellet. The supernatant is centrifuged again at
100,000 X g for 1.5 h, resulting in a microsomal pellet and the soluble
cytoplasmic fraction in the supernatant. Thirty-five micrograms of each of the
separated cellular fractions was extracted in SDS sample buffer and analyzed
by Western blotting as described above. Equal loading was determined for
each lane by staining the blot with Coomassie blue and analyzing the general
density of each lane. Experiments with >10% differences between lanes were
not used.

Invasion

A quantitative measure of the degree of in vitro invasion of MDA-MB-435
cells was measured as the ability to traverse an 8-um polycarbonate mem-
brane coated with Matrigel (Chemicon International) as described previously
(Cardone et al., 2005a). MDA-MB-435 cells were transfected with the indicated
construct DNA or empty vector 48 h before the experiment, and after 24 h
they were serum deprived or not for a further 24 h. The fluorescent samples
were read in a fluorescence plate reader at 480/520 nm (Cary Eclipse fluo-
rescence spectrophotometer; Varian, Palo Alto, CA).

Immunofluorescence

Cells plated on coverslips or colonies on Matrigel were washed two times in
sterile PBS at RT, fixed with 3.7% ice-cold paraformaldehyde/PBS for 20 min.
The fixed coverslips were washed three times for 5 min each with ice-cold
PBS, and then the colonies were permeabilized with 0.1% Triton X-100 for 10
min and saturated with 0.1% gelatin in PBS for 10 min. The coverslips were
incubated with polyclonal anti-NHERF1 primary antibody (Affinity Bio-
Reagents, Golden, CO) diluted 1:300 in 0.1% gelatin in PBS at RT for 1 h,
washed 3 times for 5 min each with 0.1% gelatin in PBS and incubated at RT
for 1 h with the Alexa 488 goat anti-rabbit immunoglobulin G secondary
antibody conjugate (Invitrogen). The coverslips were then washed three times
with ice-cold PBS for 5 min each, rapidly rinsed in distilled H,O, and then
mounted with Mowiol (Calbiochem, San Diego, CA). NHERF1 was detected
with a Nikon TE 2000S epifluorescence microscope equipped with a Micro-
Max 512BFT charge-coupled device (CCD) camera (Princeton Scientific In-
struments, Monmouth Junction, NJ) by using a Nikon lamp shutter with a
mercury short arc photo optic HBO 103 W/2 lamp for excitation (Osram,
Augsburg, Germany). In colocalization experiments, cells were observed at
600X magnification in oil immersion with a laser scanning confocal micro-
scope (C1/TE2000-U; Nikon Instruments, Sesto Fiorentino, Italy) equipped
with He/Ne 633 and argon 488 lasers with 495- to 519- (B2-A) and 642- to 660
(Cy5)-nm excitation filters. For each cell or tissue section, scanning was
conducted with 25-30 optical series from the top to the bottom of the cell with
a step size of 0.45 um. Parameters related to fluorescence intensity were
maintained at constant values in all measurements.

Image Analysis

For every image, a Z-stack was acquired using the MetaMorph software
(Molecular Devices), and every two-color stack (red and green) is the sum of
two stacks (one for each color) acquired separately in black and white (B/W).
Before image analysis, each stack is deconvolved using the AutoDeblur 9.1
function of AutoQuant (AutoQuant Software, Troy, NY) and then merged by
transforming the two channels corresponding to red (tetramethylrhodamine
B isothiocyanate) and green (fluorescein isothiocyanate) into a single two-
color stack by using the “RGB merge” command of Image]J software (National
Institutes of Health Bethesda, MD). To verify colocalization, the two separate
B/W stacks were analyzed with the “colocalization” plugin of Image] with a
ratio of 97, threshold of 50 for both channel 1 and 2. By then selecting the

1770

“colocalizated points (8-bit)” option, a new stack is obtained where the
colocalized pixels look white on a black background. This stack is then
converted into a voxel-gradient (VG) shading function of AutoVisualize
(AutoQuant Software), which permits the observation of the 3D colocalization
zones in a volume.

The random or codependent nature of the aforementioned calculated “ap-
parent” dye-overlap colocalizations were tested using 1) intensity correlation
analysis (ICA) in which the distribution of the intensity value (normalized to
1) for each pixel of a channel is plotted against the product of the difference
of the mean of the two channels, and 2) the Li intensity correlation quotient
(ICQ) is calculated (Li et al., 2004). Both ICA and ICQ were calculated using
the JACoP image analysis package plugin in Image]. Apparent colocalization
due to random staining or very high intensities in one window will have an
ICQ near zero, whereas if the two intensities are interdependent (colocalized),
the values will be positive with a maximum of 0.5. In addition to giving
information on cellular localization of the proteins, the ICA-ICQ analysis is
useful for identifying potential low-affinity interactions within protein com-
plexes that may be missed in high-affinity coimmunoprecipitation or pull-
down experiments.

Immunohistofluorescence

Immunohistofluorescence studies were performed on Formalin-fixed tissue
sections embedded in paraffin wax. The breast cancer tissues, obtained from
patient breast biopsy specimens, were fixed in 20% neutral buffered Formalin
for 24 h and embedded in paraffin. Serial sections of 3 um in thickness were
obtained from tissue blocks, deparaffinized with xylene, and rehydrated in an
ethanol series. Microwave pretreatment (slides were immersed in a 10 mM
citrated buffer, pH 6.0, at 95°C for 15 min total) for antigen retrieval was
carried out before incubation with primary antibody. After cooling, slides
were washed in distilled water, treated 10 min with 0.2% bovine serum
albumin (BSA) to block nonspecific protein binding, washed in water for 5
min, and then incubated with NHERF1 (1 ug/100 ul) and/or HIF-1 (mono-
clonal H1a67, 1:300; Abcam, Cambridge, United Kingdom) antibody over-
night at 4°C in a humidified chamber. Positive tissue controls of the breast
carcinoma as well as negative control slides that were run simultaneously
were used to assess the quality of immunostaining. For negative controls,
slide sections that were positive for staining were treated with 0.2% BSA
instead of the primary antibody. No staining was observed in any of these
controls. Images were obtained on a BX40 microscope (Olympus, Tokyo,
Japan) with a SenSys 1401E-Photometrics CCD camera.

RESULTS

NHERF1 Expression Is Associated with More Aggressive
Metastatic Progression, Poor Prognosis, and Tumor
Hypoxia

We first asked whether NHERF1 is overexpressed in human
breast tumors. Relative NHERF1 protein expression was
measured in Western blots (Figure 1A) of tumor tissues and
in their contiguous, noninvolved breast tissue from the same
patient to account for intra- and interindividual variations.
NHERF1 was overexpressed in 100% of the human tumor
breast samples analyzed (0.38 = 0.15 versus 2.28 = 0.44 in
contiguous noninvolved and tumor tissues, respectively;
p = 0.0005, n = 25, ratio NHERF1/actin OD values normal-
ized to MCF-7 expression). Figure 1B shows immunohist-
ofluorescence of a nested series of images from 3-um sec-
tions at the edge of a pT3N;,M, (G3) mammary tumor in
which image exposure is increased from left to right to bring
out details where NHERF1 expression is lower. These im-
ages verify that NHERF1 expression was much higher in the
tumor lobules than in normal lobules of the contiguous
peritumoral breast tissues. Furthermore, the magnified view
(Figure 1C) of the normal lobule, inside the box, in the
right-most field of Figure 1B shows that NHERF1 expression
is limited to the apical membrane region of the normal,
primary lobules while being also intracellular in tumor lob-
ular tissue (Figure 1B).

We then correlated NHERF1 protein expression measured
as in Figure 1A in primary breast tumors with respect to
patient clinicopathological disease characteristics such as
age, menopausal status, tumor size, proliferation index
(MIB), presence of regional nodal metastases (node status),
and estrogen and progesterone receptor status, tumor cyto-
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Figure 1. Analysis of NHERF1 expression and local-
ization in human normal and breast cancer. (A) Repre-
sentative Western blot of NHERF1 protein expression in
the patients breast tumor (T) and in its contiguous,
nontumor breast tissue (NT) for four patients and for an
aliquot of total cell extract from MCF-7 cells. Biopsies
and cells were extracted for total protein and NHERF1 B
and actin expression analyzed by Western blot as de-

scribed in Materials and Methods. (B) Immunolocalization
of NHERF1 in a breast tumor section at increasing sig-
nal intensity from left to right panels, 40X objective. Bar,
10 wm. The increased NHERF1 expression in the large
disorganized, breast tumor lobules (t) displays diffuse
distribution in the cells of the lobule, whereas normal,
organized breast lobules (n) have a strictly apical distri-
bution. (C) That NHERF1 is limited to the apical mem-
brane region of cells in a normal lobule can be better
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observed in the micrograph showing the zone enclosed in the white box with the 100X objective. Bar, 10 um. Arrow indicates NHERF1 in

the apical membrane.

histological dedifferentiation (grade), and NPI (Table 1).
Overall, NHERF1 protein expression significantly increased
with increasing tumor cytohistological dedifferentiation
(grade) and with a poorer prognosis as indicated by an
increasing Nottingham prognostic index (Sundquist et al.,
1999). Correlation analysis further revealed that tumor
NHERF1 protein expression levels were positively corre-
lated with increasing ER levels in ER+ tumors (r = 0.49, p =

0.034 with Spearman rank, n = 18) and with increasing
levels of the tumor microenvironment marker HIF-1a (Hopfl
etal., 2004; r = 0.581, p = 0.027 with Spearman rank, n = 20).

This association with HIF-1a was also observed in confo-
cal analysis of histological sections from the same patient in
which an architecturally disorganized, tumor lobule (Figure
2B and Video 2) more strongly expressed HIF-la and
NHERFI than in a nearby, normal lobule (Figure 2A and

Table 1. Relationship between NHERF1 expression and clinicopathological parameters

Frequency NHERF1 NHERF1
(%) (mean * SE) (median) (median)
Age 0.285
<55 22 (51.2) 1.8 £0.53 0.56
>55 21 (51.2) 2.77 = 0.69 1.10
Menopausal status 0.740
Premenopause 15 (23.03) 22+07 0.59
Postmenopause 28 (65.1) 2.3 +0.54 0.80
Tumor size 0.625
=2 cm 10 (31.25) 1.69 = 0.51 0.87
=2 cm 22 (68.75) 2.04 = 0.65 0.58
Node status 0.078
Negative (NO) 23 (53.5) 1.46 + 0.39 0.51
Positive (N1-2) 20 (46.5) 3.02 £0.79 0.80
Grade 0.028
1 6 (15.4) 0.41 =0.13 0.41
2 16 (41) 1.51 + 0.49 0.66
3 17 (43.6) 3.39 £0.72 3.14
NPI 0.031
<25 6(14) 0.40 = 0.2 0.2
2.5-3.5 19 (44.2) 0.95 + 0.3 0.71
>3.5 18 (41.9) 462+ 14 5.09
MIB 0.920
Positive 28 (65.12) 2.19 +0.48 0.79
Negative 15 (34.88) 2.46 *+ 0.89 0.62
ER 0.315
Positive 18 (50) 1.85 + 0.48 0.79
Negative 18 (50) 2.78 =0.78 0.95
PgR 0.089
Positive 17 (46) 1.44 £ 044 0.51
Negative 24 (58.54) 2.92 + 0.65 1.15

NHERF1 expression measured in Western blot was relative to expression in identical extracts of MCE-7 cells. n = 43 invasive ductal breast
carcinomas (median age 55). Significance between median NHERF1 expression values for grade and NPI were evaluated by the Kruskal-
Wallis nonparametric analysis of variance test, whereas the Mann-Whitney nonparametric test was applied to age, menopausal status, size,

MIB, node status, and receptor status.
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Figure 2. Analysis of NHERF1 and HIF-1a coexpression in human
normal and breast cancer. Single (x-y) plane views from confocal 3D
analysis of NHERF1 and HIF-1« localization in a normal (A) and a
tumor (B) breast lobule. Normal, organized breast lobules display
an apical distribution of NHERF1 that, in a disorganized tumor
lobule, becomes redistributed diffusely in the cells of the lobule.
HIF-1« is distributed in the cytosol in both normal and tumor
lobules but is much more expressed in the tumor lobule. The third
panel shows their colocalization as analyzed in all the 3D planes and
displayed in VG. Cytofluorogram and ICA plots of colocalization
using the JACoP image analysis plugin in Image] demonstrate a low
colocalization in the normal lobule (ICQ = 0.226) and highly signif-
icant colocalization in the tumor lobule (ICQ = 0.381). The relative
intensity scale is identical for both lobules. Bar, 10 um.

Video 1). Statistical analysis of the colocalization by cytoflu-
orogram and by ICA of the variance in the distribution of the
two proteins (Li et al., 2004; see Materials and Methods),
demonstrated that HIF-1a and NHERF1 localization in the
tumor lobule was highly codependent. The 3D distribution
and colocalization of NHERF1 and HIF-la in these two
lobules can also be observed in Supplemental Videos 1 and
2, in which colocalization between the two proteins, denoted
by yellow, was especially evident in the tumor lobule.

Hypoxia and Serum Deprivation Specifically Increase
Tumor NHERF1 Protein Expression and Redistribute
NHERF1 Expression to Newly Formed Leading Edge
Pseudopodia

Although these clinical data indicate that NHERF1 is related
overall to a more aggressive phenotype of breast cancer, the
mechanism(s) involved in its role as a metastasis promoter
are unknown. We were particularly intrigued by the strong
correlation with HIF-1a, suggesting that NHERF1 expres-
sion could be related to the tumor metabolic microenviron-
ment, which has been shown to play an important role in
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driving metastatic progression (Cardone et al., 2005b; Gillies
et al., 2002). We further investigated this possible interaction
between the metabolic microenvironment and NHERF1 by
subjecting normal and tumor cells to hypoxia or serum
deprivation, two components of the tumor microenviron-
ment, in three cell lines that model breast cancer progres-
sion: the normal MCF-10A, the ER+ primary tumor MCF-7
and the highly metastatic MDA-MB-435 cell line (Reshkin et
al., 2000; Cardone et al., 2005a). Western blot analysis re-
vealed that both serum deprivation (Figure 3A) and hypoxia
(Figure 3B) reduced NHERF1 protein expression in the nor-
mal cells (MCF-10A), but increased its expression in both
cancer cell lines. Indeed, in an extended series of measure-
ments in the metastatic MDA-MB-435 cells, serum depriva-
tion and hypoxia increased NHERF1 protein expression
compared with control cells by 186.6 = 13.2% (n = 62) and
208 = 22.7% (n = 35), p < 0.001, respectively. All three cell
lines responded with this same pattern to chemical hypoxia
(100 uM of either CoCl, or deferoxamine for 2 h; data not
shown). This up-regulation of NHERF1 expression was
rapid for hypoxia (within 2 h) and slow for serum depriva-
tion (1 d), suggesting that NHERF1 can serve as both a rapid
and slow response element to the tumor metabolic microen-
vironment.

In normal epithelial cells, NHERF1 is thought to be ex-
pressed primarily subapically in association with apical
membrane proteins (Mery ef al., 2002) as we observed in
normal mammary lobules (Figures 1C and 2A). However,
NHERF1 has also been reported to be redistributed to the
distal tip of long growth cones in “aggressively motile,”
myelinating Schwann cells when stimulated (Gatto et al.,
2003). We therefore examined the pattern of NHERF1 local-
ization in the highly invasive MDA-MB-435 cells before and
after stimulation by serum deprivation or hypoxia with 3D
epifluorescence microscopy (Figure 3C). Both serum depri-
vation and hypoxia induced a cellular shape change with the
production of long, leading-edge pseudopodia (Figure 3, C
and D) and NHERF1 expression was particularly strong at
the tip of the leading edge pseudopodia (Figure 3C, arrow-
heads) in 86 = 2.4% of 100 cells measured in serum depri-
vation and 81 * 4.7% of 100 cells in hypoxia. The strong
nuclear staining induced us to isolate nuclei and determine
the effect of serum deprivation and hypoxia on nuclear
NHERF1 expression. We found that although NHERF1 is
highly expressed in the nucleus, neither serum deprivation
nor hypoxia had any effect on its nuclear expression (Sup-
plemental Figure 1).

To verify whether similar patterns of NHERF1 localiza-
tion are present in in vivo tumor tissues, indirect immuno-
histofluorescence images were obtained in 3-pum sections of
a pT,Nz M, (G2) mammary tumor. Figure 4A shows that
tumor cells that are escaping from a laterally disrupted
lobule in the process of malignant progression have a
NHERF1 expression in the tip of the leading-edge pseudop-
odia. Furthermore, a collective group of tumor cells that
have escaped from a tumor lobule (Friedl et al., 2004; Sahai,
2005) and are invading have a mesenchymal shape with a
strong NHERF1 expression in the tip of the leading edge
pseudopodia of the leading cell (Supplemental Figure 2).

To further test this hypothesis that NHERF1 redistributes
to the leading edge pseudopodia and especially at its tip
during invasion and to determine the relationship between
NHERF1 and NHE1 localization, we took advantage of a
powerful technique to grow the cancer cells in reconstituted
basement membrane (Matrigel) as 3D structures similar to
the tumor lobule, and we recapitulate the process of tumor
cell invasive escape from the tumor mass (Debnath and
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were either not treated or subjected to serum
deprivation for 24 h or hypoxia for 2 h and
then probed for NHERF1 expression in 3D
immunofluorescence as described in Materials
and Methods. Top, typical 3D immunofluores-
cence views from above (x-y plane) and with
the x-z and y-z plane profiles shown in the
panels on the side. Hypoxia and serum depri-
vation elongated the cells to form a leading
edge pseudopodia and NHERF1 is strongly
redistributed to the pseudodial tip (arrow-
heads). Bar, 10 wm. Bottom, map plots of the
relative intensity of NHERF1 expression in the
representative x-y plane of the immunofluo-
rescence image above. To analyze both this
localization in the pseudopodial tip and to

determine the relative pixel “concentration” of 2 5
NHERF1 in the various parts of the cell we 5
analyzed the pixel density at planes 1-30 start- E
ing from the bottom of the cell. We then took § @
the “high map” feature of the AutoVisualize S% 10
software (AutoQuant Software) to show the "; g".,
relative pixel density throughout the cell in Q‘E_‘
which white is the highest pixel density. The 'gg’
relative intensity scale is identical for all three £2 |
cells and increases from blue to white as indi- oe
cated in the scale to the right. (D) Elongation %
factor of cells subjected to these treatments (]
defined as the greatest length divided by the 2

greatest width of each cell. Error bars are 0
mean + SE, n = 100.

Brugge, 2005; Moyano et al., 2006; Shackleton et al., 2006). As
can be seen in the sample colony observed in 3D epifluores-
cence (Figure 4B), in 3D Matrigel culture the tumor cells
formed colonies with a highly disorganized architecture and
a general, diffuse NHERF1 expression (red) that resembled
in vivo tumor lobules (Figure 1B). Inspection of colonies
revealed that some cells formed protrusions that penetrated
the Matrigel with high levels of NHERF1 (red) and NHE1
(green) along the pseudopodia, and, particularly, at the tip
(arrowheads) in 100% of 25 colonies inspected in three in-
dependent experiments. A similar pattern with high
NHERFI1 and NHEI1 expression at the pseudopodial tip also
was observed in a single cell that has fully escaped a colony
and is invading through the Matrigel (Figure 4C). In both
cases, intensity correlation analysis (ICA, panels to right of
images) and Li's ICQ revealed a high codependence be-
tween the distribution of NHERF1 and NHEI in the pseu-
dopodia (ICQ = 0.310 and 0.403 for the colony and single
cell, respectively). This colocalization suggested the possi-
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Control

Deprivation

bility that NHERF1 could be involved in the regulation of
NHET1 activity in the tumor cells.

NHERF1 Owverexpression Activates Invasion through
Stimulation of NHE1 via a PKA-RhoA-p38 Signal
Cascade

Although much support now exists for the hypothesis that
the Na™ /H*-exchanger isoform 1, NHE1, plays a prominent
role in tumor invasion, the driving forces and regulatory
processes underlying it are still not well known (for reviews,
see Cardone et al., 2005b; Harguindey et al., 2005). We first
approached the question of the role of increased endoge-
nous NHERF1 expression in microenvironment-driven reg-
ulation of tumor cell NHE1 and invasive activity by overex-
pressing exogenous wild-type (wt) NHERF1 in both control
and serum deprivation conditions. We asked whether an
increase of exogenous NHERF1 protein expression in MDA-
MB-435 cells could 1) per se duplicate the effects of serum
deprivation and hypoxia, i.e., confer increased basal NHE1
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Figure 4. NHERF1 is localized preferentially
in the tip of invading cells and is colocalized
with NHE1. (A) NHERF1 immunohistofluores-
cence in escaping cells of a tumor lobule of a
patient. In the bottom panel, the entire lobule is
shown in which NHERF1 staining is particu-
larly strong in a group of cells at one border of
the lobule. This section of the lobule is shown
magnified in the top panel where a small group
of cells can be seen to be escaping from the
tumor lobule. Interestingly, a number of small
o pseudopodia extend from these cells and
E NHERF1 is strongly expressed along these pseu-
dopodia and at their tips. Bar, 8 um. (B)
NHERF1 (red) and NHE1 (green) expression in
a representative MDA-MB-435 tumor mass
grown in 3D Matrigel culture in which a cell on
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one side of the mass is escaping and sending a
pseudopodia that is invading the matrigel (top).
Higher magnifications of the pseudopodia for
NHERF1, NHE1 and their merge are shown in
the bottom panels. Bars, 10 um. (C) NHERF1
(red) and NHEI1 (green) expression in a repre-
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sentative single MDA-MB-435 cell in Matrigel
3D culture, which has escaped from a mass and
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is actively invading the matrigel. Top, view from
above the cell (x-y plane). Bottom, pseudopodia
seen in the x-z plane. Higher magnification of
the pseudopodial tip enclosed in the box is
shown for both panels. Bar, 10 um. The ICA
graphs for each pseudopodial tip are shown

-0.38 (A-a)(B-b)

activity, alter cell shape, and stimulate invasive capacity;
and 2) also potentiate the previously described serum dep-
rivation-dependent increase in all these activities (Reshkin et
al., 2000; Cardone et al., 2005a).

In serum replete conditions transfection of the wtNHERF1
construct stimulated Na™/H* exchange activity to the level
induced by serum deprivation and potentiated this serum
deprivation-dependent stimulation of Na*/H™" exchanger
activity (Figure 5A) without an increase in NHE1 expression
(data not shown). This NHERF1-stimulated Na*/H* ex-
change activity (Figure 5A) was inhibited by greater than
90% by 2 uM of the specific NHE1 isoform inhibitor caripo-
ride. If NHERF]1 regulates invasive activity through its mod-
ulation of NHE1 activity, then we can hypothesize that we
will find the same regulatory pattern of directed NHERF1
overexpression on invasion and invasive morphology as
was observed for NHE1 activity. Indeed, increased exoge-
nous NHERF1 overexpression stimulated control levels of
invasion and potentiated serum deprivation-induced inva-
sion of MDA-MB-435 cells (Figure 5B) and was sulfficient to
increase pseudopodial extension and redistribute NHERF1
to the tip of the pseudopodia (Figure 5C) in 89 * 8.3% of
wtNHERF1 and 79 = 11.3% in GFP-NHERF1-transfected
cells. These data demonstrate that, indeed, exogenous over-
expression of NHERF]I is sufficient to duplicate the effects of
direct exposure to either hypoxia or serum deprivation.

Importantly, invasion (Figure 5B) and pseudopodial ex-
tension (Figure 5D and Supplemental Video 3) were re-
versed by inhibition of NHE1 by cariporide. Furthermore,
transfection with small interfering RNA targeting NHE1
into either control cells or cells overexpressing wtNHERF1
reduced both NHE1 expression and invasion by ~40%, sup-
porting the cariporide data that NHEL1 is indeed involved
also in NHERF1-dependent induction of invasion (Supple-
mental Figure 3). Together, these data show that, in the
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cancer cells, serum deprivation drives invasion through
NHERF1 overexpression-dependent stimulation of NHE1
and that NHERF1 overexpression is both necessary and
sufficient to drive these processes. Potential interaction of
NHERF1 with the NHE3 isoform rather than with NHELI in
the pHi response was ruled out because 1) neither NHE3
mRNA nor protein is expressed in the cancer cells and 2) the
selective NHE3 inhibitor S-3226 had no effect on pHi recov-
ery after acidification in either control or wtNHERF1-trans-
fected cells (Supplemental Figure 4).

We have previously reported that serum deprivation con-
fers increased invasive ability in human breast cancer cells
by a stimulation of the NHE1 via the PKA-mediated phos-
phorylation of RhoA at serine 188 and the subsequent inhi-
bition of RhoA and p38 activities (Cardone ef al., 2005a).
Figure 6A shows that both serum deprivation and hypoxia
increase RhoA phosphorylation at serine 188 with a time
course consistent with their stimulation of NHERF1 expres-
sion. We hypothesize that the altered expression/distribu-
tion of the scaffolding protein NHERFI plays a fundamental
role in coordinating the action of this signaling module by
redirecting PKA to RhoA. Cell fractionation measurements
before and after serum deprivation (Figure 6B) and NHERF1
coimmunoprecipitation experiments (Figure 6C) support
this hypothesis. As described previously (Cardone et al.,
2005a), serum deprivation increased the phosphorylation
state of RhoA without altering total expression (see homog-
enate) and produced a redistribution of total RhoA from the
plasma membrane to the endosomal fraction. This phos-
phorylation and removal of RhoA from the plasma mem-
brane corresponded directly with the increase in NHERF1
expression at the plasma membrane and suggested that
increased NHERF1 expression at the plasma membrane
shifts PKA phosphorylation to RhoA, removing it from the
plasma membrane and turning on the previously described
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Figure 5. Effect of exogenous NHERF1 overex- A 400 B Non Deprived B 105
pression on NHEI1 activity and NHE1-dependent . — P g -
invasion, cellular morphology, and pseudopodial e = b
protrusion. (A) Transfection of wtNHERF1 (wt) in 'g' g 8 10%
the pcDNA3.Thygro expression vector increased -0 =
Na*/H" exchanger activity in nonserum-de- §§ e 510t
prived (solid bars) conditions and potentiated the ° £ .% o
serum deprivation-dependent stimulation (striped s 2 g %
bars) of Na*/H* exchanger activity. Both basal %= Exarc
and NHERF1 overexpressed-dependent activity =~ 22 z
were >90% inhibited by the benzoylguanidine de- s = 5104
rivative cariporide (HOE642; 2 uM). (B) Transfec- 2 2
tion of wtNHERF1 increased invasive activity in =~ ®
nonserum-deprived conditions (solid bars) and Control  wt NHERF1 ' wt NHERF1 *
potentiated the serum deprivation-dependent cariporide o+
stimulation of invasion (striped bars). Both basal cariporide
and NHERF1 overexpressed-dependent invasion D
o) b1 N
were >90% inhibited by 2 uM cariporide, demon: GFP-NHERF1

strating that NHE1 is the principle mechanism
underlying invasion. Error bars are mean *= SE
from five independent experiments performed in
quintuplicate. (C) Transfection of either wt-
NHERF1 or wtGFP-tagged NHERF1 elongated
the cells to form a leading edge pseudopodia and
redistributed NHERF1 expression to the tip of
these pseudopodia. NHERF1 was visualized
by immunofluorescence microscopy with anti-
NHERF1 or by GFP fluorescence microscopy.
Bars, 10 um. (D) Light transmission images of
witNHERF1-transfected cells treated with 2 uM
cariporide at time zero (0, top) and after 60 min at
100X. Bar, 10 um.

neoplastic signal transduction module (Cardone et al., 2005a;
Jia et al., 2006). This hypothesis was supported by coimmu-
noprecipitation experiments in which serum deprivation,
hypoxia, or transfection with wtNHERF1 increased the
amount of the RIIB subunit of PKA and phospho-RhoA that
coimmunoprecipitated with NHERF1 and that serum depri-
vation and hypoxia further increased the coimmunoprecipi-
tation of these proteins observed with the transfection of
wtNHERF1 (Figure 6C). In the homogenates tested for in-
put, there was no change in either PKA RIIB or total RhoA
expression, suggesting that the treatments do not alter their
total cellular expression and that the differences observed in
the immunoprecipitates is due to changes in the interaction
with NHERF1. That the pattern for total RhoA in the
NHERF1 immunoprecipitate was so similar to that for phos-
pho-RhoA suggests that only phospho-RhoA is actually
bound to NHERFI.

To further analyze this interaction between NHERF1 and
phospho-RhoA, we analyzed their relative localization in
confocal immunofluorescence in control and serum depri-
vation or hypoxia conditions (Figure 6D). Colocalization
analysis showed that in untreated cells, NHERF1 and phos-
pho-RhoA staining were localized along the plasmalemma,
but they were only slightly coexpressed in any part of the
cell consistent with a lack of interaction. Hypoxia produced
a strong apparent colocalization of NHERF1 and phospho-
RhoA expression in the nucleus and, primarily, at the tip of
the long, leading edge pseudopodia. Statistical analysis of
the colocalization in these two subcellular regions by inten-
sity correlation analysis (Li et al., 2004) showed that the
nuclear colocalization was random due probably to heavy
staining in the NHERF1 channel, whereas the colocalization
in the pseudopodial tip was strongly codependent (Supple-
mental Figure 5). Last, transfection of wtNHERF1-express-
ing cells with the phospho-dead RhoA mutant construct
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(pdRhoA) or treatment with the PKA inhibitor H89 reversed
the NHERF1 overexpression-dependent increase in invasive
capacity (Figure 6E).

Together, these data demonstrate that NHERF1 expres-
sion is involved in the regulation of tumor cell NHE1 activ-
ity and invasive capacity and regulates the phosphorylation
of RhoA by PKA. The increase in NHERF1 protein expres-
sion activates a rapid stimulation of NHE1, pseudopodial
formation, cell movement, and invasion, lending further
support for the notion that changes in the expression of a
scaffolding protein alters its function (Burack and Shaw,
2000).

NHERF1 Regulates NHE1-dependent Invasion through a
PDZ2-dependent Activation of the PKA-gated RhoA/p38
Signal Module Located in the Leading Edge Pseudopodia

NHERF1 scaffolding function is mediated by its binding to
other proteins via one of its PDZ domains. To determine
which binding domain of NHERF1 is necessary for its me-
diation of the microenvironmental activation of the NHE1
and invasion, we overexpressed NHERF1 constructs that
had been either PDZ domain truncated (APDZ1 or APDZ2)
or mutated in the binding groove consensus sequence from
GYGF to GAGA of either of the domains (PDZ1, HRF1 or
PDZ2, HRF2). Overexpression of either the APDZ1 or HRF1
construct had the same effect on the activity of the NHE1
(Figure 7A) as overexpression of the wild-type (wt) con-
struct (Figure 5A) in both serum-replete and serum-de-
prived conditions. However, overexpression of either the
APDZ2 or HRF2 construct did not produce this increase in
NHEL1 activity in nondeprived conditions and greatly re-
duced, instead of potentiating, the serum deprivation-de-
pendent stimulation of NHE1 activity (Figure 7B). This same
regulatory pattern was observed on invasive capacity and
pseudopodial extension after transfection of these mutated
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Figure 6. Hypoxia- and serum deprivation-induced NHERF1 overexpression at the pseudopodial tip stimulates RhoA phosphorylation,
which is necessary for increased invasion. (A) MDA-MB-435 cells were treated for 24 h with serum deprivation (D, 24 h) or increasing times
of hypoxia; and the expression of NHERF1, RhoA, and phospho-RhoA was determined by Western blot. (B) NHERF1, total RhoA, and
phospho-RhoA expression in 35 ug of various cellular fractions of nondeprived (ND) or 24-h-serum-deprived (D) MDA-MB-435 cell
monolayers. Control or 24-h-serum~—deprived cell monolayers were fractionated and separated as described in Materials and Methods. (C) Cells
were exposed to serum deprivation (SD), hypoxia (hyp), or transfected with wtNHERF1 and then exposed to these conditions. The
homogenate was then immunoprecipitated with anti-NHERF1 and precipitated RIIB subunit of PKA, phospho-RhoA, total RhoA, and
NHERF1 were analyzed by Western blot. Protein input for each protein was measured by Western blot of the homogenate with the same
antibodies and total input anti-B-actin antibody. Typical experiment of five replicates. (D) Confocal 3D immunofluorescence x-y plane image
of NHERF1 (green) and phospho-RhoA (red) of a MDA-MB-435 cell in control conditions or treated with 2-h hypoxia. Inset in the hypoxic
cell shows enlargement of NHERF1 and phospho-RhoA localization in the pseudopodial tip. Right, VG rendering of NHERF1 and
phospho-RhoA colocalization. Bars, 5 um. (E) NHERF1-dependent stimulation of invasion is reversed by treatment with the PKA inhibitor
HB89 or by transfection with RhoA mutated to alanine at serine 188 such that it can no longer be phosphorylated by PKA (pdRhoA). Mean *
SE, n = 5, **p < 0.001 and n.s., not significant with respect to pcDNA3.1-transfected cells; ttp < 0.01 and t1+tp < 0.001 with respect to

wtNHERF1-transfected cells.

constructs: overexpression of only HRF2 abrogated the
NHERFI-dependent increase in basal invasion and blocked
the serum deprivation-dependent stimulation of invasion
(Figure 7C). Transfection with the HRF1 construct increased
pseudopodial extension and translocation of NHERF]1 to the
pseudopodial tip similarly to that produced by the wt-
NHERF1 (Figure 5C), whereas transfection with HREF2
blocked these processes (Figure 7D).

In line with these results, transfection with either wt-
NHERF1 or its PDZ1-mutated (HRF1) constructs stimulated
PKA phosphorylation of RhoA (Figure 8A) and inhibited
p38 phosphorylation (Figure 8B) similarly to that observed
by serum deprivation, whereas the PDZ2 mutated construct
(HREF2) inhibited the activation of these processes by serum
deprivation. These last data were further supported by si-
multaneous live cell measurements of cell body and pseu-
dopodial RhoA activity in FRET microscopy (Figure 8, C and
D). In the control cells, serum deprivation preferentially
reduced RhoA activity especially in the pseudopodia as
described previously (Cardone et al., 2005a). Transfection of
either wt or HRF1 constructs was sufficient to mimic the
effect of serum deprivation on RhoA activity levels in both
the cell body and pseudopodia, whereas transfection with
the HRF2 construct had no effect on RhoA in serum replete
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conditions and abrogated the inhibition of RhoA activity by
serum deprivation.

DISCUSSION

Although a role for NHERF1 in breast tumor progression
has been suggested in a immunohistochemical study that
observed an elevated NHERF1 expression in breast tumors
compared with adjacent normal breast tissue (Stemmer-
Rachamimov et al., 2001), to date there has not been an
evaluation of the clinicopathological parameters associated
with its overexpression. Here, we demonstrate, in a series of
tumor and contiguous, noninvolved breast tissues from the
same patient (Table 1 and Figure 1, A and B), that NHERF1
protein is highly overexpressed in tumors compared with
their contiguous, noninvolved tissue. Furthermore, this
overexpression is associated with increasingly aggressive
clinical characteristics, with poor prognosis, and with in-
creasing HIF-1a expression, a marker of the tumor microen-
vironment (Zhong et al., 1999; Covello and Simon, 2004). In
line with previous reports (Ediger et al., 1999; Stemmer-
Rachamimov et al., 2001), we did observe a strong associa-
tion with ER expression in ER-positive tumors.
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Figure 7. Inhibition of PDZ2 binding blocks the
NHERF1-dependent increase of NHE1 activity and
invasion. To determine whether PDZ1 or PDZ2 are
implicated in the NHERF1-dependent stimulation of
NHEL1 and invasion, the binding ability of these
domains was blocked by either their truncation or
mutation (HRF1 or HRF2), and the NHE1 activity (A
and B), invasive ability (C), and cell morphology/
NHERF1 distribution (D) were measured. NHE1 ac- 110%,
tivity and invasive ability were measured as in Fig-
ure 5. Error bars are mean * SE of 15-20
measurements for NHE1, **p < 0.001 and **p <
0.01 in comparison with nondeprived empty
pcDNA3.1 vector; tttp < 0.001 and +tp < 0.01 in
comparison with deprived empty pcDNA3.1 vector.
Error bars are mean = SE of 20-25 measurements
for invasive activity, **p < 0.001 and **p < 0.01 in
comparison with nondeprived empty pcDNA3.1
vector, and the asterisks outside the lines refer to
nondeprived empty pcDNA3.1 vector. Transfected
NHERF1 expression was visualized by immunoflu-
orescence microscopy with an anti-6His antibody.
Bar in large field, 10 um, and in the inset, 5 um.
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The tumor metabolic microenvironment arises from the
abnormal process of neoplastic growth with the resultant
reduction of circulatory supplied oxygen and nutrients from
the host (Gillies et al., 2002; Axelson et al., 2005). This meta-
bolic microenvironment up-regulates important molecules
that mediate neoplastic processes that are under the control
of HIF-1e, such as vascular endothelial growth factor and
angiopoietin-2 (Pouyssegur et al., 2006). In the present re-
port, we add NHERF]1 to the list of proteins up-regulated by
hypoxia; furthermore, we present data that another of the
tumor metabolic microenvironmental conditions, serum de-
privation, also contributes to its protein overexpression (Fig-
ure 3A). In both conditions, the up-regulation of NHERF1
expression was limited to tumor cells but occurred with
different time scales: hypoxia-dependent up-regulation
reached a maximum within hours, whereas the up-regula-
tion dependent on serum deprivation needed a day. A study
of a panel of human cancer cell lines has demonstrated that
combined hypoxia and glucose deprivation or acidosis are
necessary for the complete up-regulation of p53 protein
expression (Pan et al., 2004).

As recently suggested (Cardone ef al., 2005b; Pouyssegur
et al., 2006), cellular pH regulatory mechanisms are targeted
by hypoxia and serum deprivation, and, in turn, they could
be important targets for antimetastasis therapy. We, indeed,
demonstrate here that regulated NHERF1 overexpression
leads to the increased activity of the membrane ion trans-
porter NHE1 and to characteristics that contribute to base-
ment membrane invasion, one of the defining features of
metastatic cells (Mareel and Leroy, 2003). In analogy to
HIF-1a where its genetically targeted overexpression is suf-
ficient to mimic hypoxia (Krishnamachary et al., 2003), we
find here that genetically targeted overexpression of exoge-
nous NHERFI in tumor cells mimics the action of the tumor
microenvironment on NHE1 activity (Figure 5A), invasive
potential (Figure 5B), and NHERF1 localization/cell shape
(Figure 5C) such that its overexpression is sufficient to gov-
ern an increased NHE1 activity and invasive potential. The
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underlying mechanism for NHERF1-mediated tumor inva-
siveness was related to an increase in the activity of the
NHE1, because both NHERFI-dependent NHE1 activity
and invasion were abrogated by the specific NHE1 inhibitor
cariporide (Figure 5, A and B). Furthermore, NHERF1 over-
expression was also sufficient to mimic the activation of the
pseudopodial located RhoA-p38-NHET1 signal transduction
cascade by the tumor microenvironment (Figures 6 and 8).
The hypothesis that NHERF1 overexpression influences in-
vasive potential in breast cancer cells, at least in part,
through the regulation of the activity of the NHEI1 is further
supported by the data showing that NHE1 activity, pseu-
dopodial extension, invasive capacity, and the PKA-gated
RhoA-p38 signal cascade were all regulated by only the
PDZ2 domain of NHERF1 (Figures 7 and 8). We suggest that
NHERFI1 overexpression enables tumors to take advantage
of the physiological response mechanism to hypoxia and
serum deprivation to improve their own survival; further-
more, these data, together with the in vivo data (Figure 1
and Table 1), could mean that tumors exist in vivo almost
completely in a state influenced by their self-generated,
physiological microenvironment.

It is now well established that tumor cells have acquired
altered morphological characteristics to facilitate their in-
creased chemotaxic and invasive ability: leading edge pseu-
dopodia (Cardone et al., 2005b; Jia et al., 2006). Establishment
of the directed cell polarity involved in invasion requires
reorganization of the cytoskeleton and sorting of proteins to
this pseudopodial compartment. The NHERF1 scaffolding
protein organizes transmembrane and cytoplasmic proteins
to integrate both structure and signaling at the apical junc-
tional complex of polarized epithelial cells. In MDA-MB-435
cells, the increase in NHERF1 expression in either serum-
deprived (Figure 3A) and hypoxic conditions (Figure 3B) or
by targeted exogenous NHERF1 overexpression (Figure 5C)
induced leading edge pseudopodia and a corresponding
redistribution of NHERF1 to the pseudopodial tip. Further-
more, MDA-MB-435 cells escaping from tumor lobules de-
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Figure 8.

Inhibition of PDZ2 binding blocks the NHERF1-dependent signal transduction. To determine which PDZ domain is implicated

in the NHERF1-dependent regulation of RhoA and p38 phosphorylation/activity, the binding ability of these domains was blocked by
mutation. The phosphorylation state of RhoA (A) and p38 (B) were then measured in Western blot, and the histograms underneath each blot
represent the value for the number of experiments indicated in each bar. (C) RhoA activity in the cell body and in the pseudopodia was
measured by FRET analysis. In FRET measurements, a relative increase in the CFP emission compared with the YFP emission (EmCFP/
EmYFP) denotes an increase in active RhoA. Error bars are mean * SE of 30—45 measurements for RhoA activity, **p < 0.001 and *p <
0.01 in comparison with nondeprived empty pcDNA3.1 vector. (D) Pseudocolor images of representative cells from each of the treatments
in the FRET measurements. FRET images, obtained as described in Materials and Methods, are presented in pseudocolor IMD mode such that
red indicated the highest EmCFP/EmYFP ratio (highest RhoA activity), and blue reflected the lowest EMCFP/EmYFP ratio (lowest RhoA

activity). Bar, 10 um.

veloped in 3D Matrigel culture had NHERF1 preferentially
localized to the pseudopodial tip of the escaping and invad-
ing tumor cells (Figure 4, B and C). This localization of
NHERFI to the pseudopodia was also observed in vivo in
cancer cells escaping from a tumor lobule (Figure 4A) and in
a group of migrating cancer cells that had already escaped
(Supplemental Figure 2). We also demonstrate with confocal
microscopy that the colocalization of NHERF1 with phos-
pho-RhoA, and with FRET microscopy analysis, we demon-
strate that NHERF1-dependent inactivation of RhoA occurs
preferentially at the pseudopodia. We hypothesize that the
protein reorganization in the leading edge pseudopodia oc-
curs, in part, through binding of the NHERF1 PDZ2 domain
with still unidentified submembrane proteins. Intriguingly,
a similar polarized distribution of NHERF1 to the distal tip
of long growth cones in myelinating, “aggressively motile”
Schwann cells (Gatto et al., 2003) and a similar inhibition of
the RhoA /ROCK pathway has been reported in controlling
the process of neurite outgrowth (Busca et al., 1998; Luo,
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2000; Scaife et al., 2003; Yuan et al., 2003; Kishida et al., 2004;
Wu et al., 2005). These data suggest that neurite outgrowth
has profound similarities to the tumor-invasive process.
The mechanism by which NHERF1 stimulates the activity
of NHE1 is unknown at present. NHERF1 binds to the
NHES3 isoform of the cation exchanger family of proteins but
there is no evidence, direct or based on the amino acid
sequence of NHE1, to predict that NHE1 and NHERF1
would interact directly with each other. A growing body of
evidence now indicates that a localized decrease in RhoA
expression or activity controls pseudopodial extension and
motility /invasion in a variety of cell types (Wang et al., 2003;
Wittchen et al., 2003; De Wever et al., 2004; McHardy et al.,
2004; Paradiso et al., 2004; Cardone et al., 2005a; Wicki et al.,
2006). Accordingly, we favor the view that NHERF1 facili-
tates the assembly of a protein complex that affects the
targeting of PKA to RhoA during exposure to the microen-
vironment (Figure 6, B and C) that results in RhoA inacti-
vation (Figure 8C) and removal from the plasma membrane
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(Figure 6B). We have previously described a novel signal
transduction module in breast cancer cells localized to the
dominant leading edge pseudopodia that, during serum
deprivation, increases invasive ability in human breast can-
cer cells by a stimulation of the NHE1 via the PKA-mediated
phosphorylation of RhoA at serine 188 and the subsequent
inhibition of RhoA and p38 activities (Cardone et al., 2005a).
We hypothesize that the altered expression and distribution
of NHERF1 during exposure to the tumor metabolic micro-
environment promotes invasion in that its altered expres-
sion and distribution redirects PKA to RhoA, which inhibits
a RhoA-ROCK-p38 signal pathway that normally represses
NHE1. The release of this repression results in an increase in
NHET1 activity and in subsequent invasion.

The mechanism by which NHERF1 activates the PKA-
RhoA-p38 regulation of NHE1 activity is still unknown.
Ezrin is a member of the ezrin-radixin-moesin family of
cytoskeleton-associated proteins that binds to NHE1 (Den-
ker et al.,, 2000) to link it with the cytoskeleton and to
NHERF1 to determine the trafficking and PKA-dependent
phosphorylation of specific target proteins (Shenolikar et al.,
2004). Ezrin has been shown to have key roles in the coor-
dination of signal complexes required for metastasis
(Hunter, 2004). Our identification of NHERF1 as a crucial
molecule in breast cancer metastasis suggests that the roles
of ezrin (Hunter, 2004) and NHE1 (Cardone et al., 2005b) in
directing metastasis may well be governed by NHERF1. An
important potential confirmation of this hypothesis comes in
a recent study showing that transfection of human gastric
cancer cells with Ht31, a peptide that blocks PKA binding to
anchoring proteins such as ezrin, disrupts the phosphoryla-
tion and inhibition of RhoA by PKA (Wang et al., 2006b).
Another intriguing possibility, linked to RhoA-dependent
ezrin function, could be the involvement of cofilin, which
was recently shown to be important in regulating leading
edge protrusion in metastatic breast tumor cells (Wang et al.,
2006a).

The present study adds NHERF1 as an important player
in the race for understanding the molecular mechanisms
behind the breast cancer invasive process. We think that
NHERF1 could serve as a marker potentially applicable to
the detection and identification of presymptomatic cancers
and, second, could be exploited as a therapeutic target in
those cancers, probably by targeting the binding of down-
stream partner protein(s) to the PDZ2 domain of NHERF1.
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